the Brief Pain Inventory short form (BPI-SF) and Functional Assessment of Cancer Treatment-Endocrine Symptoms (FACT-ES) at 0, 12, and 24 weeks. Results Forty-four women were randomized, of which 35 completed the study. Adherence was ≥ 88% based on these 35 patients with pill counts as well as change in red blood cell (RBC) n − 3 PUFAs. Common toxicities included grade 1 flatulence (55% of both groups) and belching (45% of n − 3 group). Mean pain severity scores (BPI-SF) did not change significantly by time or treatment arm. Quality of life, based on FACT-ES scores, significantly decreased within placebo (p = 0.04), but not the n − 3 group (p = 0.58), with a trend toward between-group differences (p = 0.06) at 12 weeks, but no significant differences at 24 weeks. RBC n − 3 levels were strongly positively correlated with FACT-ES at 12 weeks, but attenuated at 24 weeks. Conclusion High-dose n − 3 PUFA supplementation is feasible and well tolerated when administered with AIs. Additional studies are needed to evaluate efficacy in prevention of joint symptoms.
Introduction
Aromatase inhibitors (AIs) significantly reduce local and distant recurrences in postmenopausal women with estrogen receptor-positive breast cancer [1] . Approximately 20-47% of women develop musculoskeletal symptoms during AI therapy including joint stiffness and pain [2] [3] [4] . Onset of symptoms can occur at any time point with many reporting symptoms at 1-3 months after the initiation of therapy [5] .
3
The biological mechanisms for AI-induced musculoskeletal symptoms are poorly understood. Intra-articular tenosynovial inflammatory changes have been described on MRI imaging of the hand and wrist in women on AIs [6, 7] . Therapeutic options for AI-induced joint symptoms remain limited. Non-adherence rates leading to early termination have been estimated at 50% of women taking AIs [8] . Worse patient outcomes are associated with nonadherence/non-compliance with therapy [9] .
Fish and fish oil supplements contain the long-chain n − 3 polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). A meta-analysis showed reduced joint pain intensity, morning stiffness, and analgesic use in patients with rheumatoid arthritis supplemented with long-chain n − 3 PUFAs [10] . Painful symptoms may be related to stimulation of transient receptor potential ankyrin 1 (TRPA1) resulting in activation of neurogenic inflammation [11] . EPA and DHA have been shown to inhibit TRPA1 and inflammatory pain in mouse models [12] and may exert beneficial effects in women on AI therapy via the modulation of inflammatory processes. A randomized placebo-controlled study investigated the role of n − 3 PUFA for the treatment of AI-induced musculoskeletal symptoms and reported substantial improvement in joint pain overall, but no differences were observed in symptoms between the n − 3 or placebo groups [1] . However, the clinical effects may be different in the prevention setting. This is the first placebo-controlled randomized study to evaluate the feasibility of preventing AI-induced musculoskeletal symptoms with n − 3 PUFA. We hypothesized that patients randomized to n − 3 PUFA would tolerate supplementation and develop fewer symptoms of AI-induced arthralgias.
Patients and methods

Patient characteristics
Postmenopausal women with stage I-III estrogen receptoror progesterone receptor-positive breast cancer, receiving AI (anastrozole, exemestane, letrozole) for less than 21 days prior to study enrollment, were eligible. Exclusion criteria included the following: metastatic disease; rheumatoid arthritis or other types of autoimmune and inflammatory joint disease (patients with osteoarthritis were eligible); poorly controlled diabetes mellitus, history of stroke, or transient ischemic attacks; use of warfarin and anticoagulants; or use of > 360 mg per day of EPA + DHA within six months of study initiation.
Study design
This was a randomized, double-blind, placebo-controlled study, approved by the local Institutional Review Board. Enrollment opened at The Ohio State University Wexner Medical Center on 11/09/2011 and closed on 10/29/2013. The trial was conducted in accordance with institutional guidelines; informed consent was obtained.
Block randomization was utilized; only the pharmacist who dispensed the study agent was aware of randomization assignment. Women were advised to take six capsules per day in divided doses for 24 weeks to provide either 4.3 g/day of EPA + DHA or a placebo containing a mixture of fats and oils formulated to mirror the ratio of fatty acids typical of the American diet [13] . Both types of capsules were produced by Marine Ingredients, Mt. Bethel, PA, and were matched in appearance and lemon flavoring. Each active capsule contained approximately 430 mg EPA + 230 mg DHA in triglyceride form. Fatty acid composition of capsules is provided in Supplemental Table 1 .
Red blood cell (RBC) and serum samples for fatty acid and inflammatory cytokine analyses, respectively, were collected at baseline and at 12 and 24 weeks. Fasting lipid levels were obtained at baseline and at the end of the study.
Outcome measures
The primary endpoints were adherence and tolerability of supplements when administered with AIs. Adherence was measured using pill counts and diaries, and confirmed by change in RBC levels of n − 6 and n − 3 PUFAs. Toxicity was evaluated monthly.
Secondary outcome was the preliminary efficacy of n − 3 PUFAs in preventing AI-induced arthralgia. We used several validated instruments [2] [3] [4] to give a more comprehensive picture of general pain and functional outcomes impacting quality of life (QOL). We chose the Brief Pain Inventory short form (BPI-SF) to evaluate general self-reported pain; this instrument assesses pain on a scale of 0-10 and has been used to evaluate AI-induced arthralgias [1] . Functional Assessment of Cancer Treatment-Endocrine Symptoms (FACT-ES) and Stanford's Health Assessment and Disability Questionnaire (SHAQ) are the instruments used to evaluate joint symptoms, functional capacity, health, and disability status [1] [2] [3] [4] . The FACT-ES (version 4) is a composite of the FACT-General (G) scale, the Breast Cancer Symptom Scale (BCS), and the Endocrine Symptom Scale (ESS). Higher scores reflect less symptom burden and better QOL [3] . The "short" SHAQ was designed to capture the long-term influence of chronic illness on QOL. Lower scores indicate less disability and less pain [5] . All instruments were administered at baseline and at 12 and 24 weeks.
Fatty acids were extracted from RBC samples [14] , then converted to fatty acid methyl esters (FAMEs), and analyzed by a gas chromatograph (Shimadzu Scientific Instruments, Addison IL, USA) using a 3:1 split and standard conditions [15] . Results are reported as % fatty acid/total detected fatty acids. RBC PUFAs are indicative of usual dietary intake over approximately 3-6 months [16, 17] .
Inflammatory cytokines (IL-6, TNFR-2, IL-17) were measured in human serum using ultra-sensitive kits (Meso Scale Discovery, Rockville, MD, USA) and a Meso Scale Discovery Sector Imager 2400, at the Ohio State University Clinical Research Center. The lower limit of detection was 0.7 pg/mL for IL-6 and 0.2 pg/mL for IL-17 and TNFR-2. These cytokines were selected based on data suggesting a role in mediating joint symptoms in models of arthritis treated with n − 3 PUFAs. [19, 21] 
Statistical analysis
The primary goal of this study was to evaluate the feasibility of a randomized trial for the evaluation of joint symptoms in women on AI therapy randomized to n − 3 PUFA or placebo and to collect preliminary information on treatment efficacy. The sample size of 40 was chosen to provide a 95% confidence interval width of about 0.2 for an overall (both groups combined) compliance rate of 0.90. Considering attrition of 10%, 44 patients were enrolled. Compliance rates and toxicities were summarized with frequencies and percentages, and Fisher's exact test was used to compare toxicities across treatment groups. As an additional measure of compliance, linear mixed effects models [18] were used to model changes in RBC PUFAs over time and test for differences between the treatment groups. Linear mixed effects models were also used to model changes in secondary and exploratory outcomes and to test for group differences. The Kenward-Roger adjustment to the degrees of freedom was used to control type I error [19] . The distributions of IL-6 and IL-17 were right-skewed and were natural log-transformed for all models to better approximate the normality of residuals. All analyses were conducted in SAS version 9.4 (Cary, North Carolina).
Results
Enrollment, Dropout, and Evaluability
Between 11/09/2011 and 10/29/2013, 44 women were enrolled, 44 randomized, and 35 (80%) were evaluable at 24 weeks (Fig. 1) . There was no evidence of differential dropout between the treatment groups (p = 0.88). The main reasons for not continuing treatment were difficulty remembering to take supplements (n = 2), significant arthralgias resulting in therapy switch (n = 1), intolerance of supplements (n = 3), and scheduling difficulty (n = 1).
Baseline participant characteristics
Baseline demographic and clinical characteristics were similar between the n − 3 PUFA and placebo arms (Table 1 ; Fig. 2 ). The mean age was 59.5 (SD 8.1), with a range of 43-76 years. The majority of patients (n = 27, 61%) had stage I breast cancer. History of medical comorbidities, including osteoarthritis, was similar between groups, as was chemotherapy exposure.
Adherence and Tolerability
Compliance was determined as the proportion of patients who reported taking at least 80% of the supplement during the 24 weeks based on the monthly self-reported data. Three participants, two assigned to n − 3 PUFA and one to placebo, were intolerant of supplements and dropped out of the study before 4 weeks. Overall, 38/44 (86%) women reported having taken 80% or more of the supplements, 19/22 (86%) in the n − 3 PUFA group and 19/22 (86%) in the placebo group. Toxicities are detailed Table 2 . Most toxicities were grade 1, with belching being the most common side effect. The n − 3 PUFA arm had 1 (4.5%) grade 3 toxicity of diarrhea. The patient with grade 3 diarrhea had grade 2 elevated non-fasting triglycerides that went up to grade 3 at week 20.
RBC PUFAs
The mean n − 3 index (EPA + DHA in RBCs) was 4.0% in the placebo group and 4.7% in the n − 3 group at baseline (Table 3 ). In the n − 3 group, RBC EPA and DHA increased significantly (p < 0.001) by 12 weeks and continued to rise through the 24-week study visit, while total n − 6 PUFAs decreased significantly (p < 0.001), resulting in a higher n − 3 index. Neither the n − 3 index, nor any other PUFAs, changed significantly in the placebo group.
Pain outcomes
Many women reported "no pain today" on the BPI-SF lead-in question and did not complete the remainder of the form (45% of all completed BPI-SF forms). For these responses, scores on the remaining questions were set to zero (lowest score; no pain); research assistants confirmed that those who skipped the rest of the questionnaire did not have any recent pain. The mean BPI-SF worst pain score at baseline was 1.8 (± 2.3) for women in the n − 3 PUFA arm and 2.4 (± 2.6) for the placebo arm, reflecting very low "worst" pain at baseline (question ranges from 0, "no pain," to 10, "pain as bad as you can imagine"). Overall BPI-SF severity and interference scores and changes over time are presented in Table 4 . Mean pain Fig. 2 Comparison of red blood cell n − 3:n − 6 ratio between the n − 3 PUFA and placebo groups over treatment period. Ratio of n − 3:n − 6 was significantly higher in the n − 3 PUFA group (p < 0.001), while there was no change in the ratio in the placebo group. n3:n6 ratio by treatment group Table 2 Toxicities reported during the 24-week randomized pilot study of n − 3 fatty acid supplements versus placebo for prevention of aromatase inhibitor-induced musculoskeletal symptoms a p values from Fisher's exact test comparing toxicities of all grades combined for placebo versus n − 3 groups b Taste alteration (n = 1, n − 3 group); bleeding with bowel movement (n = 1, placebo group) severity scores did not change significantly in the n − 3 group from baseline to 12 weeks (p = 0.68) or baseline to 24 weeks (p = 0.78). Pain severity did not change significantly over time in the placebo group, but scores trended toward declines (12-week change: − 0.69, p = 0.11; 24-week change: − 0.70, p = 0.09). Pain severity was not significantly different between groups at any time point. We found no significant changes in mean pain interference in either group. In order to evaluate changes in joint pain, we analyzed differences by group in response to Question 19 from the FACT-ES: "I have pain in my joints (scored as 0 = not at all, to 4 = very much). At baseline, 28 (64%) women reported at least some joint pain. There was evidence that joint pain symptoms were increasing over the first 24 weeks of AI administration (p = 0.01), but these changes were at the same rate for both groups (p = 0.79) (Fig. 3) .
QOL outcomes
Health-related QOL was assessed by the FACT-ES scales using mixed effects models (Table 5 ). Based on the overall FACT-ES score, the placebo group experienced a significant drop in QOL from baseline to week 12 (-6.4 ± 3.0; p = 0.04), and the n − 3 group did not (1.6 ± 2.9; p = 0.58), resulting in a trend toward significant difference in QOL by treatment group at week 12 (p = 0.06). However, mean FACT-ES scores were not significantly Table 3 Changes in red blood cell n − 3 and n − 6 fatty acids during the 24-week randomized pilot study of n − 3 fatty acid supplements versus placebo for prevention of aromatase inhibitor-induced musculoskeletal symptoms EPA eicosapentaenoic acid, DHA docosahexaenoic acid, ALA alpha linolenic acid, LA linoleic acid, AA arachidonic acid a All values are estimates from mixed effects models. Tests are from orthogonal contrasts in the models b n − 3 index-EPA + DHA in red blood cells different at week 24 (p = 0.95) (Fig. 4) . Women in the n − 3 arm had significantly better mean scores on the Functional Well-Being and Social Well-Being subscales at 12 weeks than women in the placebo arm, but no significant group differences were seen in any FACT scales by 24 weeks. Similar to the analysis of treatment group effects, Pearson correlations between RBC PUFAs and FACT scores at each study visit showed strong, positive relationships between FACT-ES and RBC n − 3 PUFA levels, particularly the Functional Well-Being subscale (r = 0.51; p < 0.05) at 12 weeks. However, few significant correlations were seen at 24 weeks (Supplemental Table 2 ). There were no significant changes in disability over 24 weeks by the SHAQ (data not shown).
Inflammatory cytokines
At baseline, mean levels of inflammatory cytokines in all participants were IL-6 1.8 (± 1.2) pg/mL, TNFR-2 6374 (± 1507) pg/mL, and IL-17 0.52 (± 0.45) pg/mL. There were significant decreases in individual cytokines within treatment groups, but these changes were not significantly different between the groups (Table 6 ). Baseline levels of IL-6 were significantly higher in women who had undergone previous chemotherapy compared to those who had not [2.4 (± 1.6) versus 1.5 (± 0.88), respectively p = 0.02]. Women who had chemotherapy and were in the n − 3 group had a sharp drop in IL-6 levels over 24 weeks (data not shown); however, we did not have sufficient sample size to test for differences by chemotherapy status.
Discussion
In concert with the finding that the women in our study were compliant with n − 3 PUFA supplementation and tolerated a dose of 4.3 g EPA + DHA well, similar high compliance was noted in a recent study by Hershman et al. of n − 3 PUFA supplementation in breast cancer patients with established AI-induced arthralgias [1] . Additionally, previous research in women with high risk of breast cancer suggests that doses up to 7.6 g/day of EPA + DHA are well tolerated with excellent compliance [1] . Using 4.3 g EPA + DHA, women achieved an n − 3 index well above the 8% that is recommended for reducing systemic inflammation associated with heart disease [20] . However, this dose of supplementation had a modest effect, if at all, on reducing IL-6 and no effect on TNFR-2. Because we did not have a comparative group not on AI, it is unclear if this lack of effect on markers of inflammation is due to AI effect or another factor that may block an anti-inflammatory effect of EPA + DHA.
Overall pain severity and pain interference did not significantly differ between the treatment groups, but there was a trend toward less pain severity in the placebo group. The placebo may have contained beneficial components (e.g., bioactive fatty acids) resulting in pain improvement or masking differences between the treatment groups. Participation in a clinical trial or suggestive effects of potential benefit could also have impacted participants' perception of pain (i.e., the "placebo effect") [21] . Our results are similar to those reported by Hershman et al. who found no significant differences in change in pain between the n − 3 and placebo groups in breast cancer patients with established AI-induced arthralgias [1] .
The high dose of n − 3 in our study (4.3 g EPA + DHA) and in Hershman et al.'s study (3.3 g EPA + DHA) may have influenced outcomes. We tested a higher dose of fish oil than Table 5 Changes in Functional Assessment of Cancer Therapy (FACT) during the 24-week randomized pilot study of n − 3 fatty acid supplements versus placebo for prevention of aromatase inhibitor-induced musculoskeletal symptoms a All values are estimates from mixed effects models; tests are from orthogonal contrasts in the models. For all scales, higher score = higher quality of life b FACT-G = General: All "WB" (well-being) scales [23, 24] , it is possible that increasing n − 3 PUFAs above a specific threshold may not provide additional benefit. Additionally, response to n − 3 supplementation may differ based on genetic variations [25] or baseline inflammatory status [26] . Based on FACT-ES scores in our study, QOL significantly decreased within placebo, but not the n − 3 group, with a trend toward between-group differences at 12 weeks; but no significant differences were observed at 24 weeks. This could reflect the beneficial effects of n − 3 PUFAs early in AI treatment, but the inability of n − 3 supplementation to affect QOL as AI side effects progress.
The primary limitation of this study was the small sample size, but despite this limitation we were able to demonstrate adherence, tolerability, and preliminary data suggesting the benefit of n − 3 supplementation on certain functional outcomes. The relatively short duration of this study was also a limitation because the musculoskeletal effects of AIs may not occur until later. Also, symptom questionnaires were not specific to AI patients and additional instruments such as the WOMAC may have been helpful. Future studies will also need to evaluate as a secondary measure endocrine therapy compliance which ultimately has the greatest impact on breast cancer outcomes.
Conclusions
This study showed that n − 3 PUFA supplementation to prevent AI-induced joint symptoms is feasible and well tolerated. However, we found no evidence of improvement in joint symptoms with high-dose n − 3 PUFA supplementation. Despite that, our data suggest potential short-term benefit in QOL outcomes. A larger randomized study with Fig. 4 Comparison of QOL, assessed by FACT-ES scores, between the n − 3 PUFA and placebo groups over treatment period. QOL significantly decreased in the placebo group from baseline to week 12 (p = 0.04), while the n − 3 PUFA group experienced no change (p = 0.58).FACT-ES scores by treatment group Table 6 Changes in serum cytokines during the 24-week randomized pilot study of n − 3 fatty acid supplements versus placebo for prevention of aromatase inhibitor-induced musculoskeletal symptoms a All values are estimates from mixed effects models; tests are from orthogonal contrasts in the models b Values of IL-6 (interleukin-6) were natural log-transformed due to skewness longer duration would be needed to establish whether this intervention may help prevent the burden of AI-induced arthralgias.
